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The  research  program  described  in  this  report  is  concerned  with  the 
study  of  the  chemistry  of  electronically  excited  halogen  atoms  in  the  gas 
phase.  These  atomic  species  are  interesting  not  only  in  terms  of  developing 
model  systems  for  understanding  the  general  chemistry  of  electronically  excited 
atoms,  but  also  because  of  their  importance  in  the  fields  of  laser  isotope 
separation  and  chemical  laser  development. 

In  essence,  this  research  concerns  itself  with  the  elucidation  of  the 
role  of  electronic  energy  in  affecting  the  chemistry  or  photochemistry  of  ex- 
cited halogen  atoms  and  molecules.  While  much  is  known  about  the  dynamics 
of  chemical  and  physical  processes  which  are  carried  out  on  the  lowest  poten- 
tial energy  hypersurface  correlating  with  reactants  and  products  in  their  elec- 
tronic ground  state,  relatively  little  is  known  about  the  dynamics  of  such 
phenomena  as  energy  transfer  and  chemical  reactivity  on  higher-lying  potential 
hypersurfaces  .^This  may  be  compared  to  the  present  intense  activity  in  the 
areas  of  vibrational  photochemistry  and  i.r. -enhanced  chemical  kinetics  where 
the  effect  of  varying  the  internal  energy  distribution  of  molecular  reagents  is 
being  determined.  Ihe  chemistry  of  electronically  excited  states  seems  to  be 
especially  interesting  not  only  because  of  the  relatively  large  and,  hence, 
presumably  chemically  significant, magnitude  of  the  electronic  quanta  in  many 
atoms  and  molecules,  but  also  because  generation  of  electronically  excited 
species  in  states  other  than  the  ground  state  might  reasonably  be  expected  to 
open  new  reaction  channels  leading  to  novel  chemical  processes.  Such 
chemical  pathways  can  be  examined  in  the  light  of  orbital  symmetry  and  state 
angular  momentum  conservation  rules  which  can  be  used  to  elucidate  the 
details  of  many  excited  state  processes.  In  addition,  the  use  of  monochromatic 
laser  irradiation  makes  possible  the  production  of  electronically  excited  mole- 


cules in  highly  defined  quantum  states . The  temporal  profile  of  the  photoproducts 
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of  such  monochromatic  dissociations  may  be  monitored  in  order  to  gain  detailed 

insight  into  the  nature  of  the  potential  hypersurfaces  and  regions  of  non- 

adiabaticity  which  control  the  behavior  of  excited  species  in  the  gas  phase. 

Our  research  program  is  centered  on  the  use  of  time-resolved  atomic 

absorption  spectroscopy  to  monitor  the  production  and  disappearance  of  halogen 

2 

atoms  in  defined  quantum  states,  namely,  the  electronically  excited  n P^/2 
2 

and  ground  n P^/2  states*  This  technique  offers  great  sensitivity  and,  because 
of  its  inherent  selectivity,  permits  the  experimenter  to  follow  the  course  of  even 
complex  chemical  reactions  as  both  ground  and  excited  state  species  may  be 
monitored.  Non- equilibrium  distributions  of  electronically  excited  atoms  were 
produced  by  pulsed  photolysis.  In  one  set  of  experiments  this  was  carried  out 
using  standard  white  light  flash  lamps.  Here  the  major  goal  was  the  acquisi- 
tion of  kinetic  data  to  permit  the  determination  of  detailed  rate  constants  for 
state-to- state  processes.  In  a different  type  of  experiment,  atomic  absorp- 
tion spectroscopy  was  used  in  conjunction  with  photolysis  by  a tunable- pulsed 
dye  laser.  This  technique,  laser  induced  photodissociation  spectroscopy 
(LIPS) , permits  the  detection  of  product  atoms  in  the  ground  or  electronically 
excited  states  immediately  following  the  production  of  electronically  excited 
molecules  above  the  dissociation  threshold.  Analysis  of  this  data  permits,  in 
turn,  the  analysis  of  molecular  spectra  in  the  continuum  region  where  classical 
methods,  e.g.,  rotational  band  analysis,  cannot  be  applied. 

There  has  been  considerable  progress  in  both  the  areas  of  quantitative 
photochemistry  and  reaction  kinetics  involving  electronically  excited  species . 

During  the  past  year  we  have  carried  out  an  experiment  in  which  the  branching 
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ratio-'  for  the  production  of  Br(4  P^^)  and  Br(4  P^/2^  atoms  was  monitored 
following  the  broad  band  white  light  flash  photolysis  of  the  alkyl  bromides, 
CHgBr  and  CgH^Br.  In  addition,  we  monitored  the  production  of  bromine 
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atoms  in  the  photolysis  of  the  perfluorinated  halides,  CF-jBr,  CgFgBr,  and 
n-CgFyBr.  We  have  ascertained  that  the  production  of  electronically  excited 
bromine  atoms  is  very  inefficient  for  the  photolysis  of  the  perhydrogenated 
alkyl  bromides . The  yield  of  electronically  excited  atoms  is  somewhat  higher 
in  the  case  of  the  perfluorinated  molecules,  although  these  are  considerably 
less  than  for  the  photolysis  of  the  analogous  alkyl  iodides.  The  photodis- 
sociation of  CFgBr  resulted  in  the  production  of  roughly  66%  excited  state 
atoms,  while  that  of  n-C^F^Br  resulted  in  the  production  of  less  than  10%. 

The  deactivation  of  electronically  excited  bromine  by  the  perhydrogenated 
bromides  was  roughly  two  orders  of  magnitude  more  efficient  than  for  the  case 
of  the  perfluorinated  molecules. 

These  observations  were  considered  in  the  context  of  an  earlier  theory 
which  was  devised  to  explain  the  dependence  of  the  branching  ratio  on  the 
structure  of  the  source  molecules  studied.  The  lower  yields  of  excited  bromine 
atoms  may  be  explained  in  terms  of  smaller  spin-orbit  coupling  and  lower 
electronegativity  of  bromine.  The  relatively  efficient  deactivation  of  elec- 
tronically excited  bromine  by  the  perhydrogenated  alkyl  bromides  is  presumably 
due  to  the  relatively  close  resonance  between  the  magnitude  of  the  electronic 
quantum  in  bromine,  3686  cm-*,  and  the  C-H  stretch  in  alkyl  bromides,  ca. 
3000  cm-*.  No  such  close  resonance  occurs  in  the  case  of  the  perfluorinated 
molecules . 

The  use  of  LIPS  for  the  study  of  continuous  absorption  above  photo- 
dissociation thresholds  in  small  molecules  has  been  demonstrated  by  our  in- 
vestigation of  the  Br2  absorption  spectrum  in  the  visible  region  between  400 
and  500  nm.  The  spectrum  contains  contributions  from  the  transitions 
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®r2  was  Photoly2 ed  using  our  tunable  dye  laser  in  the  continuum  region  and 
the  relative  yields  of  ground  state  and  electronically  excited  bromine  atoms 
following  the  photolysis  pulse  was  measured  with  atomic  absorption  spec- 
troscopy. From  this  measurement  of  the  branching  ratio 


the  relative  extinction  coefficient  for  the  B state  may  be  determined,  as  it  is 

only  B state  absorption  which  leads  to  production  of  electronically  excited 
2 

Br(4  P2/2)  atoms  • Absorption  into  either  one  of  the  other  two  states  produces 
ground  state  atoms  only.  As  the  total  extinction  coefficient  for  absorption  is 
known,  one  may  then  calculate  the  absolute  extinction  coefficient  for  absorp- 
tion into  the  B state.  This  absorption  data  may  then  be  fit  with  a modified 
gaussian  and  the  residuals  represent  absorption  into  the  A state  and  *ttju  state. 
The  absorption  spectra  are  shown  in  Figure  1. 

We  are  currently  refining  this  data  in  order  to  improve  the  resolution 
of  the  Br2  absorption  spectrum.  Of  particular  concern  will  be  the  accurate 
determination  of  a curve  of  growth  for  ground  state  bromine  atoms  in  absorp- 
tion. The  appearance  of  the  A state  absorption  near  500  nm  should,  on  the 
basis  of  other  information  concerning  the  A state  absorption  spectrum,  be  an 
artifact  due  to  our  fitting  procedure.  We  hope  to  be  able  to  reconcile  this 
with  the  classically  derived  spectral  Information. 
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The  studies  of  reaction  kinetics  have  also  borne  fruit  in  that  we  have 
been  able  to  demonstrate  directly  the  chemical  production  of  electronically 
excited  species  from  a reaction  involving  low-lying  states  of  reagents . The 
subject  reaction  being  studied  is  that  of  electronically  excited  iodine 
I(52P1^2)  with  Br2 


IBr  + Br* 

[la] 

IBr  + Br 

[lb] 

I + Br2 

[2]. 

This  investigation  has  taken  advantage  of  our  ability  to  monitor  both  ground 

and  excited  state  temporal  profiles  of  the  iodine  and  bromine  atoms . The 

rate  constant,  k , characterizing  the  overall  deactivation  process  at  295°  K 
“r2 

is  5.6  ± 0.2  x 10  **  cm2  molecule  * sec  By  monitoring  the  growth  of 
ground  state  Iodine  atoms  following  deactivation  by  Br2  and  comparing  this 
to  that  observed  in  the  known  quenching  (no  chemical  reaction  possible)  of 
I*  by  H2>  it  was  possible  to  demonstrate  that  less  than  10%  of  the  deactivation 
of  I*  by  bromine  proceeds  via  physical  quenching  and  concommitant  energy 
transfer  (reaction  [2]) . Rather,  the  deactivation  must  proceed  with  the  chemical 
production  of  bromine  atoms . 

The  production  of  bromine  atoms  in  both  the  ground  and  electronically 

o 

excited  states  following  the  reactive  deactivation  of  K5  Pj/2)  by  Br2  was  also 
monitored  using  the  appropriate  bromine  resonance  lines.  Observation  of  the 
absorption  transient  corresponding  to  attenuation  of  the  resonance  emission 
demonstrates  that  the  predominant  product  of  the  reactive  collision  is  Br(42P1^2) 
with  approximately  80%  of  the  bromine  atoms  being  formed  in  the  electronically 
excited  spin-orbit  state.  This  observation  is  consistent  with  the  prediction 


that  total  electronic  angular  momentum  should  be  conserved  In  such  a reaction. 
Furthermore,  it  is  possible  on  the  basis  of  simple  molecular  orbital  theory  to 
predict  that  the  reaction  coordinate  for  the  abstraction  of  a bromine  atom  by 
electronically  excited  iodine  should  proceed  via  a side-on  attack  of  the  iodine 
atom  on  the  Br2  molecule.  The  simple  MO  theory  is  currently  being  expanded 
to  include  consideration  of  other  reactions  of  electronically  excited  halogen 
atoms . 

The  following  publications  were  generated  during  the  contract  period 
covered  by  this  summary  report; 

J.  R.  Wiesenfeld  and  G.  L.  Wolk,  "Deactivation  of  1(5^ Pj/2^ 
chemical  reaction  with  HBr  and  DBr, " J.  Chem.  Phys.,  67,  509  (1977). 

T.  G.  Lindeman  and  J.  R.  Wiesenfeld,  "Laser  Induced  Photodissocia- 
tion Spectroscopy;  Br2,"  Chem.  Phys.  Lett.,  50.,  364  (1977). 

W.  L.  Ebenstein,  J.  R.  Wiesenfeld,  and  G.  L.  Wolk,  "Photodissocia- 
tion of  Alkyl  Bromides,"  Chem.  Phys.  Lett. , 53.,  185  (1978). 

Reprints  of  these  publications  are  attached. 

Two  graduate  students  were  associated  with  this  research  progiam; 

Mr.  Gary  L.  Wolk  and  Mr.  Theodore  G.  Lindeman.  In  addition,  an  under- 
graduate, Mr.  W.  L.  Ebenstein,  also  worked  with  us. 


Deactivation  of  l(52P1/2)  by  chemical  reaction  with  HBr 
and  DBr 

J.  R.  Wiesenfeld®1  and  G.  L.  Wolk 

Department  of  Chemistry,  Cornell  University.  Ithaca,  New  York,  14853 
(Received  17  March  1977) 

The  collisional  deactivation  of  electronically  excited  iodine  atoms.  IC’Pwj),  by  CH„  C3H,,  HBr,  and  DBr 
has  been  investigated  using  time-resolved  atomic  resonance  spectroscopy.  This  technique  permits  direct 
determination  of  the  yield  of  1(5  following  the  deactivation  of  the  excited  atoms  by  the  added  gas. 
The  experiment  demonstrated  that  the  deactivation  of  I(5JP„j)  by  CH4  and  C}H,  proceeds  by  physical 
quenching,  but  deactivation  by  HBr  and  DBr  occurs  via  metathetical  chemical  reaction  to  form 
HI  + Br(4  2Pj/2).  This  nonadiabatic  reaction  is  discussed  in  the  context  of  a curve-crossing  model  involving 
vibrationally  excited  virtual  states  of  the  deactivating  molecule. 


INTRODUCTION 

Investigations  of  the  collisional  deactivation  of  elec- 
tronically excited  halogen  atoms  have  played  a signifi- 
cant role  in  the  elucidation  of  those  chemical  and  physi- 
cal processes  which  govern  the  behavior  of  electronical- 
ly excited  species  in  the  gas  phase.  Thus,  the  overall 
rate  coefficients  for  deactivation  of  X{nzPl/t),  where  X 
=C1,  Br,  or  I have  been  measured1-*  using  a variety  of 
techniques,  the  difficulty  of  making  such  determinations 
being  I<Br <C1. 

While  such  a broad  collection  of  data  has  been  useful 
to  the  development  of  a theoretical  description  of  the  de- 
activation of  electronically  excited  halogens,  it  would  ap- 
pear that  a complete  understanding  of  thet,„  phenomena 
must  await  the  analysis  of  the  products  of  the  collisional 
events.  Discrimination  between  physical  energy  trans- 
fer (with  concomitant  excitation  of  internal  modes  of  the 
quenching  molecule  and  relative  translation  between 
products)  and  actual  metathetical  chemical  reactions  re- 
sulting in  the  formation  of  new  molecular  products  would 
thus  be  possible.  Recent  developments  in  excited  halo- 
gen chemistry  have  included  the  observation  of  infrared 
emission  from  vibrationally  excited  hydrogen  ha- 
lides*' 4’7’*’ 10  produced  following  electronic -vibrational 
(E  -V)  energy  transfer 

where  X = Br,  or  I and  Y = F,  Cl,  or  Br.  These  E-V 
processes  have  been  interpreted  in  terms  of  coupling  via 
long-range  interactions, 11  a process  which  is  greatly 
facilitated  by  resonance  between  the  magnitudes  of  the 
electronic  and  vibrational  quanta  involved. 12,15  Measure- 
ments of  overall  deactivation  efficiencies  for  spin-orbit 
relaxation  of  excited  halogens  by  hydrogen  halides  and 
hydrogen  isotopes  also  appear  to  indicate  that  such  long- 
range  quadrupole-multipole  interactions  play  a signifi- 
cant role,  but  theory  and  experiment  do  not  yet  appear 
to  be  in  full  agreement  with  respect  to  the  relative  im- 
portance of  E-V  processes  as  compared  to  translational 
excitation  (E-T)  of  the  product  species. *• 14,15 

Direct  evidence  for  chemical  reaction  as  an  efficient 
route  for  the  collisional  deactivation  of  I(52P,/2)  by  halo- 
gen molecules15  and  nitrosyl  halides1  has  been  obtained 
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using  kinetic  spectroscopy.  In  addition,  I-atom  abstrac- 
tion may  play  a minor  role  in  the  deactivation  of  I(52P1/2) 
by  alkyl  iodides15-20  as  does  H-atom  abstraction  to  form 
HI  in  the  deactivation  of  excited  iodine  atoms  by  ethane 
and  propane.21  The  deactivation  of  Br(42P1/2)  by  HI, 
which  may  proceed  via  thermally  accessible  adiabatic 
and  nonadiabatic  reactive  channels  to  produce  HBr 
+ I(52PI/2)  or  HBr  + I(52P3/2)  respectively,  has  been  dem- 
onstrated7 to  undergo  quenching  with  formation  of 
Br(4sP,/2)  + HI.  However,  Pritt  and  Coombe5  has  sug- 
gested that  the  anomalously  rapid  deactivation  of  l(^iPwz) 
by  HBr  and  HI  may  be  the  consequence  of  nonadiabatic 
reactions,  e.  g. , 

I(52P1/2)  + HBr-Br(42Ps/2)  + HI.  (1) 

This  would  be  at  variance  with  the  view  of  Bergman 
etal. , 1 who  invoked  a simple  valence-bond  model  to  ex- 
plain the  relative  stability  of  Br(42P1/2)  (with  respect  to 
Br(42PJ/2)]  upon  collision  with  HI.  The  experiments  de- 
scribed below  test  this  model  and  permit  its  further  re- 
finement. 

EXPERIMENTAL 

The  apparatus  utilized  in  these  experiments  has  been 
described  previously.  22,25  n-C3F7I  was  used  as  the 
source  for  iodine  atoms.  A dilute  solution  (typically 
5-50x  10‘3  torr)  of  h-C3F,I  in  an  argon  buffer  (p.oiU  =60 
torr)  was  exposed  to  a pulse  of  light  (fl/2  = 10  psec,  E 
= 100  J).  Thermalization  of  species  in  the  quartz  reac- 
tion vessel  was  insured  by  the  presence  of  the  argon  buf- 
fer gas.  The  temporal  profiles  of  [l*]»  [i*  = I(52P1/2)]  or 
[l]*  [f  -1(5  2P j/ 2)]  following  the  flash  were  monitored  by 
observing  the  attenuation  of  atomic  resonance  radiation 
at  178.3  nm  (62P3/2- 52P3/2)  or  206.  2 nm  (62P3/2 
- 52Pl/2).  The  resonance  transitions  were  excited  in  a 
microwave  powered  electrodeless  discharge  lamp.  The 
lamp  contained  a small  amount  of  solid  I2  with  1 torr  of 
argon.  The  vapor  pressure  of  I2  in  the  lamp  was  con- 
trolled by  varying  the  temperature  of  a cold  finger,  typi- 
cally in  the  range  263-265  °K.  The  transient  absorption 
signal  was  monitored  by  using  a solar-blind  HTV-R116 
photomultiplier  tube  and  digitized  with  a Biomation  802 
Transient  Recorder.  The  photomultiplier  gain  was  de- 
creased during  the  photolytic  flash  by  switching  dynodes 
5 and  7 to  a common  voltage.  This  minimized  the  mag- 
nitude of  the  scattered  light  pulse  reaching  the  digitizing 
electronics  and  permitted  accurate  absorption  measure- 
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ments  within  25  Msec  following  the  initiation  of  photo- 
lysis. Typically  8-16  runs  were  averaged  in  order  to 
enhance  the  signal.  Gases  in  the  reaction  vessel  were 


FIG.  1.  Plots  of  pseudo-first  order  rate  constants  for  removal 
of  1(5 *Pi/})  vs  density  of  deactivating  gas.  (a)  o CjH„,  A CH4: 
(b)  o DBr,  A HBr. 


swept  out  between  individual  kinetic  runs.  The  photo- 
lysis of  HBr  or  DBr  was  prevented24  by  the  introduction 
of  CC14  into  a 1-cm  thick  annular  filter  chamber  around 
the  quartz  reaction  vessel.  No  decomposition  of  the  CC1, 
was  noted  during  the  course  of  an  experimental  session. 

Samples  of  n-C3F7I  (PCR,  Inc. ) were  first  degased  and 
then  purified  by  repeated  distillations  from  a chloroben- 
zene slush  (228  °K)  to  liquid  Nj.  Research  grade  He 
(Matheson)  was  used  without  further  purification.  Ultra- 
high  purity  argon  (Matheson)  was  passed  over  a molecu- 
lar sieve  at  193  "K  immediately  before  use.  HBr  (99.8%, 
Matheson)  was  degassed  and  repeatedly  distilled  from 
ethanol  slush  (159  °K)  to  liquid  N8.  DBr  (99  at.  % deu- 
terium, Merck  Sharp  Si  Dohme  Isotopes)  was  similarly 
purified.  DBr  was  also  stored  at  240  °K  prior  to  use. 
Research  grade  C3H8  (Matheson)  was  purified  by  several 
distillations  from  ethanol  slush  to  liquid  N2.  Research 
grade  CH4  (Phillips  66)  was  thoroughly  degassed  before 
use. 

All  mixtures  were  prepared  on  a Hg-free  glass  vacuum 
line  which  was  evacuable  to  ~ 10'6  torr.  The  composition 
of  the  gas  mixture  in  the  reaction  vessel  was  determined 
by  use  of  calibrated  floating  ball  rotameters.  Pressures 
were  measured  with  a glass  Bourdon  gauge  and  standard 
test  gauges.  This  vacuum  system  was  exposed  to  DBr 
before  preparation  of  mixtures  including  this  gas  in  order 
to  passivate  the  exposed  surfaces  to  H-atom  exchange. 

RESULTS 

The  initial  experimental  study  described  here  involved 
the  determination  of  the  overall  rate  constant  at  295  °K 
for  the  collisional  deactivation  of  I*  by  the  gases  H2, 

CH4,  C3H8,  HBr,  and  DBr.  The  removal  of  I*  was  moni- 
tored using  the  resonance  transition  at  206.3  nm,  the  ab- 
sorption signal  being  related  to  [l*]t  by 

ln/0//t  = €(f[l*],)r,  (2) 

where  the  constants  have  previously  been  described. 25 
The  intensity  of  the  radiation  passing  through  the  vessel, 
/0,  before  the  flash  was  obtained  using  the  pretrigger  re- 
cord feature  of  the  Transient  Recorder.  An  experimen- 
tal value  of  y (typically  0.  72-0.  88)  was  determined  over 
the  range  of  observed  absorption  using  the  technique  dis- 
cussed below.  The  pseudo-first -order  rate  coefficient 
k derived  from  the  transient  absorption  measurements 
([Ql  » [I*],)  may  be  related  to  the  bimolecular  rate  con- 
stant kQ  by 

* = *«[<?]  + *, 

where  K represents  removal  of  I*  by  spontaneous  emis- 
sion, diffusion  to  the  walls  of  the  reaction  vessel,  and 
quenching  by  impurities  in  the  samples  of  n-C3F7I  and 
argon  buffer. 

The  results  of  these  experiments  are  presented  in  Fig. 
1 and  Table  I.  Inspection  of  Table  I suggests  that  the 
current  results  are  in  very  good  agreement  with  those 
obtained  in  other  laboratories  thus  confirming  the  utility 
of  the  modified  Beer-Lambert  Law  (2)  in  relating  the  ob- 
served transmission  of  resonance  radiation  through  the 
reaction  vessel  to  the  concentration  of  transient  species 
present. 
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TABLE  I.  Rate  coefficients  for  deactivation  of  I(52P,/2)  at 
295  ”K.  __ 


Q 

Kq  (cm5  molecule"1  sec"1) 

Ref. 

CH, 

1. 0 ±0.2x  10"15 

1.  I±0.5xl0‘ls 

9.  7±0.3xl0"14 

a 

b 

This  work 

CSH, 

1. 7 ± 0. 1 x 10"15 

1.  9 ±0. 3x  10"15 

1. 6 ± 0. 1 x 10"15 

a 

b 

This  work 

HBr 

1.  3 ±0.  lx  10"15 

1. 6 ± 0. 1 x 10"15 

1.  5±0.  lxlO"15 

c 

d 

This  work 

DBr 

S4.9±0.3xlO"U 

3. 1 ±0. 2 x 10"u 

c 

This  work 

*D.  Husain  and  J.  R.  Wiesenfeld,  Trans.  Faraday  Soc.  83, 

1349  (1967). 

bJ.  J.  Deakln  and  D.  Husain,  J.  Chem.  Soc.  Faraday  2,  68,  41 
(1972). 

'Reference  6. 

'‘Reference  8. 


Determination  of  the  overall  rate  constant  described 
above  does  not  yield  information  concerning  the  mecha- 
nism by  which  deactivation  occurs.  Rather,  it  is  neces- 
sary to  monitor  the  products  of  either  Reaction  (1),  the 
chemical  removal  of  I*  by  HBr,  and/or  the  quenching 
process 

I^P^  + HBr-I^Pj/^  + HBr"’,  (3) 

the  yield  of  reaction  then  being  expressed  as  \=k1/(kl 
+ k3).  The  measurement  of  A was  carried  out  by  moni- 
toring the  concentration  of  ground  state  I at  178.  3 nm 
during  the  course  of  the  following  experiments: 

(a)  A given  pressure  of  n-C3 F7I  was  photolyzed  in  the 
absence  of  all  gases  other  than  the  argon  buffer  [Fig. 
2(a)],  The  absorption  measured  immediately  following 
the  photolytic  flash  thus  represented  [l],.0)  the  amount 
of  ground  state  iodine  atoms  produced  photolytically. 

(b)  Addition  of  an  excess  of  H2  to  the  photolysis  mix- 
ture described  in  (a)  resulted  in  the  relatively  rapid  {t 
= (feH2[H2]"1~10’5-10‘4  sec)}  relaxation  of  I*  produced  in 
the  flash  to  form  I.  It  should  be  noted  that  collisional 
deactivation  of  I*  by  H2  must  proceed  via  quenching  to 
ground  state  atoms  as  reaction  to  form  H + HI  is  11.2 
kcal  endothermic.  Hence,  the  absorption  immediately 
following  the  flash  [Fig.  2(b)]  may  be  related  to  the  total 
production  of  iodine  atoms,  [l*]«.0+ [lli.o- 

(c)  Replacement  of  the  H2  by  HBr  (or  other  deactiviat- 
ing  molecule  under  investigation)  so  that  feH  [H*] 
~feHBr[HBr]  permits  direct  measurement  of  the  ground 
state  iodine  atoms  produced  by  quenching  of  I*  by  the 
HBr  in  Process  (3).  If  the  absorption  at  178.3  nm  is 
significantly  smaller  than  that  obtained  following  quench- 
ing by  H2,  it  may  be  inferred  that  a significant  fraction 
of  the  deactivation  proceeds  via  chemical  Reaction  (1). 
This  is  demonstrated  in  Fig.  2(c). 

While  the  results  displyed  in  Fig.  2 clearly  show  that 
4 >k3,  quantitative  information  must  be  obtained  from  a 
detailed  analysis  of  the  kinetic  scheme  characterizing  the 


transient  species  present  in  the  reaction  vessel.  Such  a 
scheme  may  be  represented  by 


I*  + HX—  I + HX, 

(3) 

I*  + HX  — HI  + X, 

(1) 

I*-I, 

(4) 

i »*11  ii 

1 * 2 

(5) 

where  kt=p’ /PKr  + A„m  + kQ[Q],  Q being  a trace  impurity 
in  the  argon  buffer.  The  term  p'/PAr  represents  deac- 
tivation to  I following  diffusion  to  the  vessel  walls.  Un- 
der the  experimental  conditions  used,  Processes  (1)  and 
(3)  would  display  pseudo-first-order  kinetics  so  k[ 
-fet[HX]  ar  % = fc,[HX].  The  kinetic  equations 

d[l*]/df  = _(feI  + *'  + fe4)[l*], 

4i]/df =(*'+*;)  [i*] -*5[i] 


may  be  integrated  yielding 
[l*]t  = [l*](.0exp[-  (k[  + k'3  + kt)  <], 


i*'**"*” -«'vi+Who«-¥. 


(6) 

(7) 


Since  k[  + k3  + kt»k3~&'/PK„  at  times  long  compared  to 
(fej+fej  + fe,)*1  Eq.  (7)  reduces  to 


[I],-  •■**'{ 


-(%  + »«)  [I*].* 

k3-k[-k3-  kt 


Thus,  a plot  of  ln[l],  vs  time  should  be  linear  with  slope 
- fe5  and  intercept  a 


a = 


-(*;+*«)  [i*  L, 

k3-k[-k'3-k. 


+[i]«ri)  • 


Such  a relationship  is  indeed  observed  for  the  temporal 
profiles  of  ground  state  iodine  atom  concentrations  for 
the  experiments  done  in  the  presence  of  H2  or  other  de- 
activating molecules  discussed  here.  Substitution  for 
kl  and  rearrangement  yields 


u*1«.o  ft5  - (*[ +*; ^'/p^ +*„[<?] +a„j  • 


As  noted  above  fe5~(3'/PAr.  Furthermore,  k[+k3»kg  [Q] 

+ Anm.  Finally,  the  numerator  of  (8)  may  be  simplified 
by  the  assumption  k3  » kt  which  is  valid  so  long  as  is 
not  much  smaller  than  k[,  i.  e.,  some  appreciable  frac- 
tion of  the  deactivating  collisions  result  in  quenching 
rather  than  reaction.  If  reaction  is,  on  the  other  hand, 
overwhelmingly  predominant  the  following  analysis  yields 
only  a lower  limit  on  the  true  value  of  A. 


Equation  (8)  now  becomes 


a ~ [flt.o  fea 

U*  l«.o  ' *J  + *J 


= 1 - A. 


(9) 


Referring  to  the  earlier  description  of  the  experimental 
sequence  and  recalling  the  modified  Beer -Lambert  Law, 
we  define  = lntlo/Dj.o  = €(?[l]t^,)r  as  the  absorbance  im- 
mediately following  the  photolysis  of  «-C3F7I  in  the  ab- 
sence of  an  added  quencher,  AHj  =c[/([l],.0  + [l*],.0)]r  as 
the  absorbance  measured  in  the  presence  of  H2  and  AHX 
= e(la)r  as  the  absorbance  determined  in  the  presence  of 
a potential  reactant.  Substitution  into  (9)  now  yields 
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FIG.  2.  Temporal  profiles  of 
I(52PJ(,2)  following  photolysis 
of  a solution  of  n-CsF7I  in  ar- 
gon UVcjFji  = 0.  019  torr,  PAr 
= 60  torr,  E = 100  J).  The  dif- 
ferent solutions  included:  (a) 
no  added  deactivating  gas;  (b) 
0.  37  torr  H2  to  quench  all 
I(52P|/j)  rapidly  to  I(52P,/2); 
(c)  0.25  torr  HBr,  a deacti- 
vator of  unknown  reactivity  in 
the  presence  of  I(52Pj/2). 
These  traces,  each  represent- 
ing the  average  of  16  kinetic 
runs,  demonstrate  the  domi- 
nance of  Reaction  (1)  in  the 
deactivation  of  I(52P1/2)  by 
HBr. 


I 
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TABLE  II.  Fraction  of  deactivating  col- 
lisions resulting  in  chemical  reaction. 


Q 

A(Eq.  10) 

CH 4 

0.  03  ± 0.  11 

CjH8 

0.0d±0.  16 

HBr 

0.  96  ± 0.  12 

DBr 

0. 94  ± 0.  13 

A = 1 - (Ag  -A?)/(A%  -A;'1).  (10) 

The  averaged  values  of  A summarized  in  Table  II  were 
obtained  by  evaluating  the  experimental  absorbances  at 
178.  3 nm  following  photolysis  of  w-CjF7I  in  the  absence 
of  any  added  quencher,  with  H2  and  with  HX.  A given  set 
of  three  runs  were  included  in  the  overall  average  if  the 
partial  pressure  of  n-C3F7I  was  maintained  to  ± 1 x 10'3 
torr.  As  noted  previusly, 25  in  the  limit  where  the  n- 
C3F7I  may  be  regarded  as  an  optically  thin  absorber  and 
the  concentration  of  ground  and  excited  state  iodine 
atoms  produced  in  the  flash  is  proportional  to  the  partial 
pressure  of  n-CjF7I, 


ln  Pn-C3F7I(A> 

FIG.  4.  As  for  Fig.  3,  but  the  deactivating  molecule  is  CSHS. 
No  significant  degree  of  reactive  deactivation  is  observed. 


[I<*>]^  = «,*,f>.-c,r7i  (ID 

(k  reflects  the  photolytic  yield  of  iodine  atoms),  substi- 
tution of  (11)  into  (2)  yields 

lnln(I0/I)t.0=const  + ylnPB.CjFl,  . (12) 

Plots  of  InA,  where  AX=A0,  A ^ or  AHX  vs  lnP„.Cjr7l  de- 
rived from  the  present  experimental  data  (Figs.  3-6) 
verify  this  relationship  over  the  range  of  absorbances 
measured  as  well  as  yielding  required  values  for  y used 


FIG.  3.  Plot  of  -lnln(I0/I),.0  vs  UiP„_CjF  t demonstrating  the 
validity  of  Eqs.  (12)  and  (13).  The  essential  overlap  of  points 
collected  in  the  presence  of  H2  and  CH4  suggests  that  reaction 
plays  no  role  in  the  deactlviation  of  I(52P,/2)  by  CH4.  For  the 
sake  of  clarity,  only  a random  selection  of  the  actual  data  taken 
is  presented  here. 


in  the  evaluation  of  (10).  It  may  further  be  shown  that 


A = 1 _ exp(0HX/ y)  - exp(fln/ y) 
exp(flH2/y)  - exp(ty,/y)  ’ 


(13) 


where  ty,  is  the  constant  in  (12).  Evaluation  of  (13)  leads 
to  values  of  A in  good  agreement  with  those  obtained  by 
use  of  (10),  but  errors  introduced  by  slow  long-term 
drifts  in  flash  lamp  output  and  resonance  lamp  profile 
which  are  avoided  by  calculating  A using  data  points  col- 
lected over  a short  period  of  time  leads  to  a larger  scat- 
ter in  the  final  results. 


FIG.  5.  As  for  Fig.  3,  but  the  deactivating  molecule  Is  HBr. 
The  agreement  of  the  initial  absorbances  obtained  in  the  ab- 
sence of  any  added  quencher  [Fig.  2(a))  and  the  presence  of  HBr 
(Fig.  2(c))  is  the  result  of  chemical  reaction  between  1(5  *fVi> 
and  the  deactivating  gas. 
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FIG.  6.  As  for  Fig.  3,  but  the  deactivating  molecule  is  DBr. 
Once  again,  chemical  reaction  is  the  major  channel  for  colli- 
sional  deactivation. 


DISCUSSION 

The  examination  of  CH,  and  C3H8  as  deactivating  gases 
was  carried  out  in  order  to  assess  the  precision  of  the 
experimental  technique  outlined  above.  Neither  of  these 
gases  is  expected  to  react  appreciably  with  I*,  hydrogen 
abstraction  from  CH8, 

I*+CH4-HI  + CH3 

being  11.  0 kcal  endothermic.  Abstraction  of  a secondary 
hydrogen  from  C3H8 

I*  + C3H8  — i-C3H7  • + HI 

is  1. 5 kcal  endothermic  and  photochemical  investigations 
have  shown21  A <0.01  for  this  reaction.  The  values  re- 
ported here  suggest  a limit  on  the  precision  of  the  meth- 
od, namely,  10%-20%.  Thus,  it  is  unlikely  that  deacti- 
vation processes  with  A<0. 1 may  reliably  be  examined 
using  the  present  technique. 

As  noted  above,  the  large  values  of  A associated  with 
the  deactivation  of  I*  by  HBr  and  DBr  must  be  regarded 
as  a lower  limit  due  to  the  approximation  made  in  the 
derivation  of  (9),  i.  e. , k'i»ki.  Nonetheless,  it  is  clear 
from  these  experiments  that  kx»k3  and  chemical  reac- 
tion dominates  the  deactivation  of  I*  by  HBr  and  DBr. 
This  observation  corroborates  the  earlier  suggestion8 
that  models  based  on  long-range  interactions  cannot  ac- 
count for  the  efficiency  of  the  overall  collisional  deacti- 
vation of  the  electronically  excited  iodine  atom.  Similar 
chemical  processes  have  been  invoked1  to  explain  the 
relatively  efficient  deactivation  of  I*  by  HI,  i.e. , 

I*  + HIj—  HI,  + 18, 

where  the  chemical  exchange  of  the  iodine  atoms  results 
in  an  enhancement  of  the  overall  rate.  Such  exchange 
reactions  have  been  suggested  in  the  case  of  the  efficient 
vibrational  deactivation  of  vibrationally  excited  hydrogen 


halides  by  halogen  atoms. 28  Indeed,  the  present  experi- 
mental results  may  be  used  to  assess  the  effect  of  elec- 
tronic excitation  on  the  rate  of  chemical  reaction.  Thus, 
if  the  activation  energy  for  the  reaction  of  ground  state 
iodine  atoms  with  HBr 

I + HBr  — HI  + Br  AH  =+ 16. 2 kcal, 

is  assumed  to  be  equal  to  the  endothermicity,  it  is  possi- 
ble to  estimate  the  fraction  of  electronic  excitation  en- 
ergy made  available  to  the  collision  partners  to  sur- 
mount the  activation  barrier.  If  the  cross  section  for  a 
gas  kinetic  I-HBr  collision  is  ~ 16  A2  (based  on  Xe-Kr 
collision  diameters)27  and  the  nominal  steric  factor  is 
taken  as  unity,  the  observed  rate  constant  for  (1),  1.  5 
xlO'1*,  may  be  interpreted  as  being  associated  with  a 
maximum  activation  energy  of  4.  3 kcal.  Thus,  11.  9 
kcal  or  55%  of  the  21.  7 kcal  excitation  energy  associated 
with  I(52P,/2)  is  made  available  to  the  collision  complex. 
This  reflects  a lower  limit,  however,  for  the  actual  pre- 
exponential factor  is  <1. 

The  absence  of  a large  energy  barrier  to  reaction  may 
now  be  viewed  in  the  context  of  simple  models  based  on 
the  electronic  structure  of  the  IHBr  collision  complex. 
Turning  first  to  the  one -electron  valence  bond  approach 
developed7  to  explain  the  efficient  quenching  of  Br(4  ZPuz) 
by  HI  where  neither  adiabatic  nor  nonadiabatic  chemical 
reaction  appears  to  play  a significant  role,  it  seems 
clear  that  a serious  discrepancy  is  raised  by  the  current 
results.  Inspection  of  Fig.  4 of  Ref.  7,  would  suggest 
that  the  initial  approach  of  I*  to  HBr  should  take  place  on 
a strongly  repulsive  surface.  Therefore,  any  reactive 
process  which  requires  a close  approach  of  the  reactants 
should  display  a significant  activation  barrier  and,  in 
addition,  would  be  expected  to  be  relatively  inefficient 
with  respect  to  long-range  processes  such  as  energy 
transfer.  The  applicability  of  this  simple  model  has 
been  further  challenged  by  recent  experimental  work28 
which  demonstrated  that  the  original  studies7  failed  to  ac- 
count for  the  rapid  reaction 

I*  + Br2  — IBr + Br(42P1/2>3/2). 

This  reaction  would  have  made  the  adiabatic  route  for 
deactivation  of  Br(42P1/2)  + HI  very  difficult  to  detect  un- 
der the  conditions  of  the  earlier  experiments. 

Clearly,  a more  detailed  examination  of  the  potential 
surfaces  governing  the  I*-HBr  interaction  is  warranted 
by  the  present  observation  of  an  efficient  channel  (1) 
leading  to  Br  + HI.  In  order  to  discuss  the  nature  of  the 
potential  hypersurfaces  governing  the  dynamics  of  the 
deactivation  process,  it  is  necessary  to  consider  each 
of  the  three  surfaces  correlating  with  X(2P3/2lI/2)  + HY. 
Accepting  the  suggestion  of  Bergmann  etal. 1 that  only 
the  lowest  surface  correlating  with  X(2P3/2)  + HY  is  at- 
tractive, we  now  include  the  effect  of  the  presence  of 
vibrationally  excited  virtual  levels  of  the  molecular  re- 
actant HBr.  This  extension  was  suggested  by  Donovan 
and  co-workers8  and  follows  from  the  classical  repre- 
sentation28 of  adiabatic  potential  surfaces  corresponding 
to  vibrationally  excited  states  as  being  similar  to  those 
correlating  with  the  ground  state,  but  being  displaced  up- 
ward in  energy  by  hvyli.  The  nature  of  the  potential  hy- 
persurfaces near  the  nuclear  arrangement  corresponding 
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FIG  7.  Schematic  drawing  of  the  potential  surfaces  governing 
the  Interaction  between  iodine  atoms  and  HBr.  Type  1 surfaces 
correlate  to  Br<4  2P3/2)  + HI  via  a surface  which  is  essentially 
bonding.  Type  2 surfaces  correlate  with  the  same  products 
but  are  presumably  nonbonding  at  large  internuclear  distances 
and  somewhat  repulsive  at  close  approach.  The  type  3 surface 
correlates  with  Brf^P,^)  + HI  and  is  also  nonbonding  in  nature. 
At  point  A,  it  undergoes  an  avoided  crossing  (for  the  case  of 
),  R coupling)  with  the  virtual  surface  correlating  with  vibra- 
tionally  excited  HBr;  this  type  1 surface  leads  to  chemical 
reaction.  The  avoided  crossing  at  B , which  is  suggested  here 
to  occur  at  higher  energies,  leads  to  formation  of  I(52P3/2)  and 
is  presumably  of  no  significance  in  the  present  reaction. 

to  reactant  I+HBr  is  presented  schematically  in  Fig.  7. 
Here,  the  symmetry  of  the  curves  are  given  for  the 
cases  of  weak  spin— orbit  coupling  and  symmetries  of  the 
intermediate  complex  which  are  either  planar  (zAr  or 
2 A”)  or  axial  (2Z<,  a7tl/2i3/2)  as  well  as  strong  spin-orbit 
coupling  (all  surfaces  of  El/Z  representation20).  Surfaces 
designated  as  type  1 lead  to  Br  + HI  and  are  character- 
ized by  an  attractive  interacfion.  Surfaces  2 and  3 are 
nonbonding  at  large  internuclear  separations  and  possi- 
bly repulsive  at  close  approach. 

The  regions  of  greatest  concern  to  the  present  discus- 
sion center  around  the  crossings  of  the  hyper  surf  ace 
correlating  with  the  reactants  I*  +HBr  (type  3)  and  those 
correlating  with  I + HBr  (t>"  = 3)  (type  2)  and  I + HBr  ( v " 

= 4)  (type  1).  These  crossings  are  avoided  for  the  case 
of  j,  fl  coupling  where  all  surfaces  are  represented  by 
El/Z  in  the  extended  C„„  point  group.  As  chemical  reac- 
tion and  not  physical  quenching  has  been  shown  to  be  the 
dominant  route  for  collisional  deactivation  of  I*  by  HBr, 
clearly  the  region  near  the  crossing  (point  A)  between 
the  surface  correlating  with  I*  + HBr  (n"  -0)  and  that 
correlating  with  I + HBr  (v"  =4)  must  be  of  primary  im- 
portance. The  failure  to  observe  a significant  channel  to 
ground  state  iodine  atoms  suggests  that  the  crossing  be- 
tween the  surface  emanating  from  I*  + HBr  (v"  =0)  with 
the  surface  correlating  with  I + HBr  (r"  = 3)  (point  B) 
must  occur  at  an  energy  not  available  to  a significant 
fraction  of  the  colliding  reactants  at  295  °K.  As  the 
crossing  at  A is  avoided,  it  is  perhaps  surprising 


that  the  overall  rate  constant  for  reaction,  1.  5±  0. 1 
x 10"12  cm2  molecule"1  sec"1,  is  not  larger.  Of  course, 
a small  activation  barrier  to  reaction  may  indeed  be 
present,  4 kcal  being  the  maximum  possible.  However, 
it  must  also  be  recalled  that  the  probability  for  nonadia- 
batic  passage  through  the  avoided  crossing  at  point  A 
must  be  relatively  large.  This  is  due  to  the  need  to  in- 
clude the  vibrational  overlap  between  the  initial  and  final 
states  in  the  calculation  of  the  overall  matrix  element 
V[RA)  for  transition  from  the  v"  =0  level  of  the  type  3 
surface  to  the  v”  =4  level  of  the  type  1 surface, 

where  is  the  electronic  part  of  the  matrix  element  at 
Ra  and  q represents  the  Frank -Condon  factor  for  the 
vibrational  overlap. 21  The  rate  constants  for  deactiva- 
tion of  I*  by  HBr  and  DBr,  feHBr/*DBr  = 4.  is  not  incon- 
sistent with  this  interpretation  as  the  matrix  element 
would  involve  <7^5  which  would  be  significantly  smaller 
than  theFrank-Condon  factor  for  the  0-4  transition.  The 
magnitude  of  the  potential  barrier  to  the  region  of 
avoided  crossing  at  A and  B will  be  assessed  in  tempera- 
ture-controlled experiments  to  be  undertaken  in  this 
laboratory. 

It  is  interesting  to  note  that  the  proposed  model  dis- 
cussed above  suggests  that  the  products  of  (1)  are  formed 
in  a concerted  reaction  following  initial  production  of 
HBr  (v"  =4)  + I.  The  observed  reaction  cannot  be  the 
result  of  the  following  two-step  mechanism 

I*  +HBr(u"  = 0)-  I + HBr(t>"  =4), 

I+HBr(t>"  = 4)  — HI+Br 

as  the  second  step  would  be  in  competition  with  the  rapid 
vibrational  process 

HBr(v"  =4)  + HBr(u " = 0) - HBr(t>"  = 3)  + HBr(r " = 1),  etc. 

and  [HBr]  ~ 104-105x  [i].  The  nascent  energy  distribu- 
tion of  the  HI  (v”  = «)  + Br  should  correspond  to  that  which 
would  have  been  obtained  following  the  reaction  of  vibra- 
tionally  excited  HBr  with  ground  state  iodine  atoms.  Ob- 
servation of  the  vibrational  energy  disposition  in  the 
products  of  this  reaction  would  greatly  facilitate  the 
evaluation  of  the  proposed  mechanism.  Furthermore, 
such  an  experiment  would  permit  the  assessment  of 
the  role  of  reactant  vibrational  energy  in  chemical  pro- 
cesses. It  should  be  noted  that  failure  to  observe  the 
ground  state  iodine  atom  suggests  that  there  is  no  re- 
maining thermal  barrier  to  reaction  to  form  Br  + HI  once 
the  path  of  avoided  crossing  is  taken  at  point  A. 

ACKNOWLEDGMENT 

This  work  was  supported  by  the  Office  of  Naval  Re- 
search. 

’D.  Husain  and  R.  J Donovan,  Adv.  Photochem.  8,  i (1971). 

2R.  J Donovan  and  H.  M.  Gillespie,  Specialist  Per \dical 
Report,  Reaction  Kinetics,  Vol.  I (Chemical  Sock  . , London, 
1975),  p.  14. 

3F.  J.  Wodarczyk  and  P.  B.  Sackett,  Chem.  Phys.  12,  65 
(1976). 

4S.  R.  Leone  and  F.  J.  Wodarczyk,  J.  Chem.  Phys.  60,  314 
(1974). 


J.  Chem.  Phyt.,  Vol.  67,  No.  2.  16  July  1977 


516 


J.  R.  Wiesenfeld  and  G.  L.  Wolk:  Deactivation  of  1(5  1Pl  n ) 


r 


i 


SR.  J.  Butcher,  R.  J.  Donovan,  and  R.  H.  Strain,  J.  Chem, 
Soc.  Faraday  Trans.  2,  70,  1837  (1974). 
eR.  J.  Donovan,  C.  Fotakis,  and  M.  F.  Golds,  J.  Chem.  Soc. 

Faraday  Trane.  2,  72,  2055  (1976). 
tK.  Bergmann,  S.  R.  Leone,  and  C.  B.  Moore,  J.  Chem.  Phys 
63.  4161  (1975). 

aA.  T.  Prltt,  Jr.,  andR.  D.  Coombe,  J.  Chem.  Phys.  65,  2096 
(1976). 

*J.  R.  Wiesenfeld  and  G.  L.  Wolk,  J.  Chem.  Phys.  65,  1506 
(1976). 

10A.  B.  Peterson,  C.  Witting,  and  S.  R.  Leone,  Appl.  Phys. 
Lett.  27,  305  (1975). 

“j.  J.  Ewing,  Chem.  Phys.  Lett.  29,  50  (1974). 

12R.  D.  Sharma  and  C.  A.  Brau,  Phys.  Rev.  Lett.  19,  1273 
(1967). 

1SR.  V.  Sharma  and  C.  A.  Brau,  J.  Chem.  Phys.  50,  924 
(1969). 

t4I.  H.  Zimmerman  and  T.  F.  George,  Chem.  Phys.  7,  323 
(1975). 

IS1.  H.  Zimmerman  and  T.  F.  George,  J.  Chem.  Soc.  Faraday 
Trans.  2 71,  2030  (1975). 

leR.  J.  Donovan,  F.  G.  M.  Hathorn,  and  D.  Husain,  Trans. 
Faraday  Soc.  64,  3192  (1968). 

nF.  G.  M.  Hathorn  and  D.  Husain,  Trans.  Faraday  Soc.  65, 
2678  (1969). 

l*T.  Donohue  and  J.  R.  Wiesenfeld,  J.  Phys.  Chem.  80,  437 


(1976). 

**R.  J.  Donovan  and  C.  Fotakis,  J.  Chem.  Phys.  61,  2159 
(1974). 

20D.  M.  Haaland  and  R.  T.  Meyer,  Int.  J.  Chem.  Kinet.  6, 

297  (1974). 

21A.  B.  C allear  and  J.  F.  Wilson.  Trans.  Faraday  Soc.  63, 
1358,  1983  (1967). 

22T.  Donohue  and  J.  R.  Wiesenfeld,  Chem.  Phys.  Lett.  33, 

176  (1975). 

23T.  Donohue  and  J.  R.  Wiesenfled,  J.  Chem.  Phys.  63,  3130 
(1975). 

UDMS  UV  Atlas  of  Organic  Compounds,  Vol.  I (Butte rworths, 
London,  1966),  spectrum  M/10. 

2SP.  D.  Foo,  T.  Lohman,  J.  Podolske,  and  J.  R.  Wiesenfeld, 

J.  Phys.  Chem.  79,  414  (1975). 

2eI.  W.  M.  Smith,  Accts.  Chem.  Res.  9,  161  (1976). 

27 J.  O.  Hirschfelder,  C.  F Curtiss,  andR.  B.  Bird,  Molecu- 
lar Theory  of  Cases  and  Liquids  (Wiley,  New  York,  1954). 

28P.  L.  Houston,  Chem.  Phys.  Lett,  (in  press). 

mE.  E.  Nikitin,  Theory  of  Elementary  Atomic  and  Molecular 
Processes  in  Gases  (Oxford  University  Press,  New  York, 
1974),  p.  154. 

S0G.  Herzberg,  Electronic  Spectra  of  Polyatomic  Molecules 
(Van  Noetrand,  Princeton,  1967),  p.  14. 

3IE.  Bauer,  E.  R.  Fisher,  and  F.  R.  Gilmore,  J.  Chem.  Phys. 
51,  4173  (1969). 


Volume  SO,  number  3 


CHEMICAL  PHYSICS  LETTERS 


15  September  1977 


LASER  INDUCED  PHOTODISSOCIATION  SPECTROSCOPY:  Br2 

T.G.  LINDEMAN  and  J.R.  WIESENFELDt 
Department  of  Chemistry,  Cornell  University, 

Ithaca,  New  York  14853,  USA 


Received  26  May  1977 


The  continuous  absorption  spectrum  of  molecular  bromine  has  been  examined  using  laser  induced  photodissociation 
spectroscopy.  In  this  technique,  Br2  molecules  are  photolyzed  using  a flashlamp-pumped  dye  laser;  the  atomic  products  of 
the  dissociation  are  then  monitored  by  time-resolved  resonance  absorption  spectroscopy  in  the  vacuum  ultraviolet.  The  rela- 
tive absorptivities  for  the  transitions  B 3n0+u «-  X 1 Eg  and  * riiU*-X  'Eg  have  been  obtained  at  18350,  21010  and  22125 
cm-1. 


1.  Introduction 

The  spectra  and  electronic  structure  of  halogen  mole- 
cules have  been  extensively  investigated  [ 1 ] . The  infor- 
mation obtained  about  the  low-lying  excited  states  of 
these  molecules  has  led  to  the  development  of  our  un- 
derstanding of  the  spectroscopic  basis  of  photochem- 
istry. While  most  experimental  observations  have  been 
carried  out  on  I2,  the  other  halogens  have  also  been  in- 
vestigated. In  particular,  the  spectrum  of  Br2  has  been 
studied  [2] , both  in  the  banded  region  below  the  ther- 
mochemical threshold  for  formation  of  Br(4  2Pi/2)  + 
Br(4  2P3/2)>  19580  cm-1,  and  more  recently  in  the 
continuum  region  where  the  significant  transitions  are 
B 3rVu  «-  X 1 2+  and  1 nlu  «-  X the  3n0+u  state 
correlating  with  Br(4  2P[/2)  + Br(4  ^3/2)  and  the 
1Fllu  with  two  Br(4  2P3/2)- 

The  experiments  on  Br2  spectroscopy  have  not,  in 
general,  been  accompanied  by  corresponding  quantita- 
tive investigations  of  halogen  photochemistry.  In  par- 
ticular, the  actual  yields  of  Br(4  2P|/2)  and  Br(4  2P3/2) 
following  the  photolysis  of  Br2  have  only  recently  been 
reported  for  a set  of  discrete  photolytic  wavelengths 
[3] . These  experiments  were  carried  out  using  the  ele- 
gant technique  of  photofragment  spectroscopy,  where 
both  the  translational  energy  and  the  angular  distribu- 

t Henry  and  Camille  Dreyfus  Teacher-Scholar. 


tion  of  photolysis  products  with  respect  to  the  polar- 
ization angle  of  the  incoming  actinic  radiation  are  ob- 
tained. Analysis  of  these  data  yields  both  the  relative 
efficiencies  for  the  production  of  specific  quantum 
states  of  the  atom  as  well  as  the  symmetry  of  the  spec- 
troscopic transition  leading  to  photodissociation.  Meas- 
urements of  the  relative  yields  of  electronically  excited 
and  ground  state  Br  atoms  have  been  made  at  relatively 
few  wavelengths,  and  substantial  disagreement  exists 
between  results  obtained  by  direct  observation  of  prod- 
ucts [3]  and  those  derived  from  analysis  of  the  tem- 
perature dependence  of  the  Br2  absorption  spectrum 
[2] . The  experiments  described  here  were  carried  out  in 
order  to  resolve  this  discrepancy  and  to  test  the  validity 
of  the  spectral  analysis  method. 

2.  Experimental 

Fig.  1 is  a schematic  diagram  of  the  apparatus  used 
for  laser  induced  photodissociation  spectroscopy.  The 
photolysis  of  the  source  molecule  was  accomplished  in 
a Pyrex  vessel  of  20  cm  length  with  an  internal  square 
cross  section  of  1 .0  cm.  The  output  of  the  laser  beam 
was  directed  through  the  vessel,  whose  polished  walls 
were  externally  coated  with  an  A1  film.  Approximately 
20-25  reflections  were  made  as  the  light  was  transmit- 
ted through  the  length  of  the  square  cell,  resulting  in  a 
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I ig.  1.  Schematic  diagram  of  experimental  apparatus. 


total  pathlength  of  ca.  28  cm.  The  Br2  source  gas  was 
prepared  in  a very  dilute  solution  with  ultra  high  pu- 
rity argon  (Matheson)  which  was  passed  over  molecular 
sieve  at  195  K immediately  prior  to  use.  The  argon 
served  both  as  a thermal  buffer  and  to  slow  the  rate  of 
atomic  diffusion  to  the  walls  of  the  vessel.  The  gases  in 
the  reaction  cell  were  swept  out  in  a time  short  com- 
pared to  the  period  between  laser  pulses  (3-8  s)  but 
long  compared  to  the  characteristic  time  for  diffusion 
(ca.  20  ms). 

The  dye  laser  (mode)  1 200,  phase-R)  was  pumped 
by  a fast  coaxial  flashlamp  and  produced  output  pulses 
of  100-200  ns  duration.  A number  of  dyes  (table  1) 
were  utilized  in  these  experiments  in  order  to  permit 
observation  of  photodissociation  products  following 
exposure  to  a range  of  actinic  wavelengths.  The  laser 
cavity  consisted  of  two  broad  band  mirrors;  in  these 
initial  experiments  no  effort  was  made  to  tune  the 
laser  over  narrow  spectral  regions.  Output  energies  of 
10-30  mJ  were  achieved  with  dyes  listed;  the  relatively 
modest  power  levels  attained,  i.e.,  =»  100  kW  suggest 
that  two-photon  processes  should  not  play  a significant 
role  in  these  experiments. 

The  temporal  profiles  of  ground  state,  Br(4  2Pj/2)  = 


Table  1 

Relative  absorptivities  for  B 3U0+u  — X 1 Eg  and  1 n,u  «-  X 1 Eg 
transitions  in  Br2 


Laser  dye 

v(cnr') 

t(3n)/r(’n) 

P495 

18350  ± 250 

0.4 

coumarin  102 

21010  t 275 

13 

coumarin  2 

22125  i 100 

1.8 

Br,  and  electronically  excited,  Br(4  2Pj/2)  = Br* . 
bromine  atom  concentrations  were  monitored  using 
time-resolved  atomic  absorption  spectroscopy.  The 
atomic  resonance  radiation  was  produced  in  a micro- 
wave-powered electrodeless  discharge  lamp  through 
which  flowed  ca.  0.3  torr  of  a 1%  Br2/Ar  mixture.  In- 
cident power  was  18  W.  The  output  of  the  resonance 
lamp  (fig.  2)  was  then  dispersed  using  a 0.3  M vacuum 
monochromator  (McPherson  218)  and  detected  by  an 
EMI  G26E3-1 5 solar  blind  photomultiplier.  The  ground 
and  excited  states  of  bromine  were  detected  by  attenua- 
tion of  the  resonance  transitions,  5 2P3/2  4 2P3/2 

(148.9  nm)  and  5 2P!/2  «-4  2Pj/2  (153.2  nm),  respec- 
tively. Transient  absorption  signals  following  the  laser 
pulse  were  digitized  using  a Biomation  802  transient 
recorder  and  then  averaged  to  enhance  the  observed 
signal-to-noise  ratio.  Typically  16—64  kinetic  runs  were 
averaged. 

Ultrapure  Br2  (99.9%,  Ventron)  was  extensively  de- 
gassed. Research  grade  H2(Matheson)  was  used  as 
received.  All  mixtures  were  prepared  on  a mercury-free 
vacuum  system,  evacuable  to  10~6  torr  and  equipped 
with  a capacitance  manometer  and  stainless  steel  test 
gauges.  The  partial  pressures  of  reagents  in  the  photol- 
ysis cell  were  determined  from  the  total  pressure  (20- 
35  torr)  and  relative  flow  rates  measured  with  cali- 
brated rotameters.  The  pressure  of  Br2  varied  in  the 
range  0.008-0.030  torr;  that  of  H2  was  either  0 or  be- 
tween 0.040  and  0.10  torr. 


e 


Fig.  2.  Output  spectrum  of  bromine  resonance  lamp.  Transi- 
tions are  (a)  4 2P3/2  «-  5 2P3/2,  148.9  nm,  (b)  4 2 P,/2  •- 
52Pl/2,  153.2  nm,  (c)  4 2P„2  - 5 4P3/2,  154.1  nm,  (d) 

4 2Pi/2  - 5 2P3/2,  157.5  nm,  (e)  4 2P3,2  - 5 4PS/J,  157.7 
nm,  and  (f)  4 2Pj/2  *~54Pi/2.  158.2  nm.  Transitions  (a)  and 
(b)  were  used  in  these  experiments. 
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3.  Results  and  discussion 

In  order  to  test  the  experimental  arrangement  de- 
scribed above,  the  overall  rate  of  Br*  deactivation  upon 
collision  with  Br2  was  determined.  This  was  accomplish- 
ed by  monitoring  the  153.2  nm  resonance  line  follow- 
ing laser  photolysis  of  Br2 . The  absorption  of  resonance 
radiation  may  be  related  to  the  concentration  of  Br* 
atoms  through  the  use  of  the  Beer- Lambert  law 

ln(/0//)f  = e(l  [X]  )■*, 

where  X = Br* . The  value  of  the  exponent,  7,  which 
relates  the  observed  transmission  to  the  relative  atomic 
concentration  was  determined  experimentally  [4]  to 
be  1 .0  in  this  apparatus.  The  measurement  of  /cBl2  was 
carried  out  by  determining  the  pseudo-first  order  rate 
coefficients,  k,  for  Br*  deactivation  in  an  excess  of 
Br2(pBrj  = 0.008-0.020  torr).  The  rate  coefficient  for 
Br*  removal  is  given  by 

* = WBr2]  +*< 

where  K represents  impurity  quenching  and  diffusion 
to  and  deactivation  at  the  walls  of  the  photolysis  cell. 
The  value  of  &Brj  obtained  in  these  experiments  (fig.  3), 
(1.1  ±0.1)X  1 0~ 1 2 cm3  molecule-^-1,  compares 
very  favorably  with  the  values  in  the  range  (1.0- 1.2) 

X 10-12  reported  in  infrared  emission  [5]  experiments. 
An  earlier  measurement  [6]  made  using  photographic 
kinetic  spectroscopy  yielded  /tBrj  = 2 X 10~* 1 cm3 
molecule-1  s-1 , in  poor  agreement  with  more  recent 
data. 

The  determination  of  relative  adsorptivities  for  ab- 


Fig.  3.  Experimental  results  for  rate  of  removal  of  Br*  as  a 
function  of  Br2  density.  Slope  of  the  best-fit  line  yields  *Brj 
(see  text). 


Time  (me) 

Fig.  4.  Br-atom  profiles  following  laser  photolysis  of  Br2  at 
21010  cm"1 . pB,2  = 0.012  torr,  p\t  = 19  torr.  (a)  ph2  = q, 

(b)  ph2  = 0.039  torr.  Each  trace  represents  average  of  32  ex- 
perimental runs. 

sorption  via  the  B3fl0*u  <-  X and  1 fllu  <-X 
transitions , e(3f])/e(in),  was  made  by  measuring  the 
relative  yields  of  Br  and  Br*  following  flash  photolysis 
at  a specific  wavelength.  The  relative  concentration  of 
ground  state  bromine  atoms  was  monitored  at  148.9 
nm  under  two  experimental  conditions.  First,  the  tem- 
poral profile  of  bromine  concentration,  [Br] ,,  was  ob- 
tained in  the  absence  of  any  added  quencher  of  Br* . As 
may  be  seen  from  fig.  4a,  this  profile  is  characterized  by 
a very  rapid  rise  in  Br  concentration  coincident  with 
the  laser  pulse.  This  represents  photolytic  production 
of  Br  atoms  from  Br2.  The  relatively  level  period  then 
may  be  ascribed  to  physical  quenching  of  Br*  by  Br2 
to  form  Br.  This  occurs  on  approximately  the  same 
time  scale  as  diffusion  of  Br  to  the  walls  of  this  small 
photolysis  vessel.  This  latter  removal  process  dominates 
the  Br-atom  profile  at  long  times,  and  results  in  hetero- 
geneous recombination  to  form  Br2.  Direct  measure- 
ment of  the  absorption  transient  immediately  follow- 
ing the  laser  pulse  thus  provides  a relative  photolytic 
yield  of  Br  atoms. 

The  photolytic  production  of  Br*  is  then  determined 
by  addition  of  0.040-0.10  torr  of  H2  to  the  photolysis 
vessel.  This  results  in  the  deactivation  of  Br*  on  a time 
scale(ca.  1 5-20  fits)  rapid  with  respect  to  that  of  the 
observation  (fig.  4b).  As  deactivation  of  Br*  by  H2  re- 
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suits  in  the  quantitative  production  of  ground  state  Br 
atoms  (chemical  reaction  to  form  H + HBr  is  6.2  kcal 
endothermic),  the  initial  absorption  at  148.9  nm  re- 
presents the  total  photolytic  yield  of  ground  and  ex- 
cited state  bromine  atoms,  [Br*],=0+  [Br],=0.  As  the 
partial  pressure  of  Br2  and  laser  energy  (and  hence 
[Br]  f=0)  remain  constant,  it  is  possible  to  obtain 
[Br*]f=0  by  application  of  the  modified  Beer- 
Lambert  law  noted  above.  The  value  of  y measured  in 
this  apparatus  for  the  148.9  nm  transition  was  0.76. 

The  photolysis  of  Br2  following  excitation  into  the 
3 II  state  above  the  dissociation  threshold  results  in  the 
production  of  Br*  + Br  while  excitation  into  1 II  yields 
two  Br  atoms.  The  A3I11u  «-  X *2*  transition  appears 
from  spectroscoj  : : data  [2]  to  play  no  role  in  the 
violet-blue  region  of  the  Br2  absorption  spectrum.  The 
relative  absorptivities  into  the  3 II  and  1 II  continua  may 
thus  be  related  to  the  observed  ground  and  excited-state 
Br  atom  yields, 

e(3n)  r [Br],=0  _nsr* 
e(‘n>  L2[Br*],=0  J 

The  results  obtained  by  application  of  this  equation 
to  experimental  data  taken  at  several  photolysis  wave- 
lengths are  presented  in  table  1 . The  values  of 
e(3n)/e('  II)  are  in  sensible  agreement  with  those  de- 
rived from  inspection  of  resolved  spectral  curves  pre- 
sented in  previous  reports  [2,3] . Several  points  de- 
serve more  detailed  discussion.  The  production  of  Br* 
following  photolysis  of  Br2  at  18350  ± 2S0  cm-1  can- 
not be  due  to  direct  photodissociation.  Rather,  its  ap- 
pearance may  reasonably  be  ascribed  to  the  effect  of 
a collisional  release  process  involving  highly  vibration- 
ally  excited  Br2(B  3I10*U)  which  undergoes  essentially 
thermal  dissociation  upon  collision  with  Br2  or  Ar  [7] . 
This  phenomenon  which  has  previously  been  demon- 
strated in  l2  [7] , plays  a significant  role  only  in  the 
region  near  the  thermochemical  threshold  for  production 
of  Br  + Br* ; it  need  not  be  considered  for  photolysis 
above  this  energy. 

The  photolysis  of  Br2  immediately  above  the  disso- 


ciation threshold  is  dominated  by  excitation  into  the 
B 3I10*U  state.  This  observation  is  in  good  agreement 
with  previous  spectral  measurements  [2]  suggesting 
that  the  major  component  of  the  low  energy  maximum 
in  Br2  absorption  near  20500  cm-1  is  due  to 
B 3I10*U  <-  X 1 II*.  The  dominance  of  this  transition  rap- 
idly decreases  at  higher  energies  and,  as  may  be  seen 
from  the  results  obtained  at  22125  cm-1 , the 
1 II lu  <-  X * 2*  transition  will  become  the  major  com- 
ponent of  the  absorption  below  ca.455  nm.  The  large 
change  in  the  observed  e(3I1)/e(*  II)  ratio  over  a short 
wavelength  range,  namely  475—452  nm  suggests  that 
similar  experiments  to  those  carried  out  here  but  in- 
volving a tunable  laser  cavity  will  yield  significant  in- 
formation concerning  the  individual  components  of  the 
absorption  band.  Such  investigations  are  currently  un- 
der way  in  this  laboratory. 
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The  branching  ratios  for  the  production  of  Br(42p,/2)  and  Br(4  2 P3^)  following  the  broadband  flash  photolysis  of 
the  alkyl  bromides,  CHjBr  and  C2H5  Br,  and  the  perfluorinated  molecules,  CI  3 Br,  CjFs  Br  and  U-C3I  7 Hr,  have  been 
determined  using  time-resolved  atomic  absorption  spectroscopy.  The  production  of  electronically  excited  bromine  atoms  is 
shown  to  be  inefficient  in  the  case  of  the  alkyl  bromides  while  the  perfluorinated  molecules  yield  decreasing  amounts  of 
Br(4  2Pi/2)  as  the  molecular  complexity  increases,  i.e.,Cf'3Br  > C2E5Br  > C3E7Br.  It  is  also  shown  that  the  hydrogenated 
bromides  deactivate  electronically  excited  atoms  almost  two  orders  of  magnitude  faster  than  do  the  perfluorinated  bromides. 


1.  Introduction 

The  production  of  electronically  excited  atoms 
during  the  photodissociation  of  small  molecules 
has  received  much  attention  in  recent  years,  with 
special  emphasis  on  the  photolysis  of  the  alkyl  iodides 
and  their  perfluorinated  analogs  [1—4],  The  alkyl 
iodide  experiments  were  stimulated  in  part  by  the 
observation  [5]  of  laser  action  on  the  magnetic- 
dipole  allowed  transition, 

1(5  2P1/2)-  1(5  2P3/2)  + hv  (X  = 1315  nm) 

and  the  need  to  elucidate  the  mechanism  of  excited 
atom  production  during  photolysis.  The  results  of 
these  investigations  have  lec  to  a qualitative  theory 
[4]  regarding  the  effect  ot  the  parent  molecule 
structure  on  the  yields  of  the  electronically  excited 
species.  The  theory  relates  the  observed  correlation 
between  alkyl  group  structure  and  the  relative  pro- 
duction of  excited  state  atoms  by  using  simple  sym- 
metry arguments  which  take  into  account  the  role 
of  spin-orbit  coupling  in  the  photodissociative  state 
[6], 

The  purpose  of  this  investigation  then  is  to  test 
the  theory  and  to  determine  the  utility  of  various 
alkyl  bromides  as  sources  for  the  analogous  bromine 
atom  laser  [7], 

1 Camille  and  Henry  Dreyfus  Teacher-Scholar. 


Br(4  2P1/2)-  Br(4  2P3/2)  + hv  (X  = 2713  nm). 

As  the  kinetics  of  Br(4  2Pj/2)  (hereafter  Br*)  follow- 
ing flash  photolysis  of  the  parent  molecule  are  of 
importance  in  the  Br*  laser  and  in  systems  utilizing 
alkyl  bromides  as  sources  of  ground  or  excited 
state  bromine  atoms,  we  have  also  measured  rates 
of  deactivation  of  Br*  by  the  parent  molecules 
and  propose  possible  mechanisms  for  these  processes. 

2.  Experimental 

The  apparatus  utilized  in  these  experiments  has 
been  described  previously  [3.4,8].  A dilute  solution 
of  the  alkyl  bromide  (typically  1-50  X 10~2  torr)  in 
an  argon  buffer  (/*tota|  = 20  or  30  torr  for  perfluor- 
inated species.  60  torr  for  alkyl  bromides)  was  ex- 
posed to  a light  pulse  from  a Kr-filled  flashlamp 
(t  1/2  *=  10  /us,  F.  - 100  J).  Thermalization  of  species 
in  the  quartz  reaction  vessel  was  insured  by  the  great 
excess  of  argon  buffer  gas.  The  temporal  profiles  of 
[Br*],  or  [Br],  (Br  = Br(4  2P3/2))  after  the  flash 
were  monitored  by  observing  the  attenuation  of 
atomic  resonance  radiation  at  154.1  nm(54P3/2 
*-  4 2p3/2)  or  153.2  nm(52P1/2  *-42P1/2).  The 
resonance  transitions  were  excited  in  a continuously 
operating,  microwave-powered  electrodeless  discharge 
through  a 10%  Br2-Ar  mixture  (PM ^ = 0.2  torr). 
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The  transient  absorption  signal  was  monitored  by 
employing  an  EMI  solar  blind  photomultiplier  tube 
and  digitized  with  a Biomation  802  transient  recorder. 
Typically  16-64  runs  were  averaged  in  order  to 
enhance  the  signal. 

Gases  in  the  reaction  vessel  were  swept  out  be- 
tween individual  kinetic  runs.  CF3Br,  C2F5Br,  and 
«-C3F73r  (PCR,  Inc.)  were  first  degassed  and  then 
purified  by  repeated  distillations.  CF3Br  was  distilled 
from  a 40%  pentane/60%  ethanol  slush  (138  K)  to 
liquid  N2,  C2F5Br  was  distilled  from  a toluene  slush 
(178  K)  to  liquid  N2,  and  C3F7Br  was  distilled  front 
an  acetone  slush  (187  K)  to  liquid  N2.  CH3Br  (99.5%, 
Matheson)  and  C2H5Br  (Fisher  Certified)  were  similar- 
ly degassed  and  distilled,  CH3Br  from  an  acetone 
slush  to  liquid  N2,  and  C2H5Br  from  a chlorobenzene 
slush  (228  K)  to  liquid  N2.  Research  grade  H2 
(Matheson)  was  used  without  further  purification. 
Ultra  high  purity  argon  (Matheson)  was  passed  over 
a molecular  sieve  at  19 3 K immediately  before  use. 

All  mixtures  were  prepared  on  a Hg-free  glass 
vacuum  line  which  was  evacuable  to  «10~6  torr. 

The  composition  of  the  jps  mixture  in  the  reaction 
vessel  was  determined  using  calibrated  floating  ball 
rotameters.  Pressures  were  measured  with  a glass 
Bourdon  gauge  and  standard  test  gauges. 

3.  Results 

The  removal  of  Br*  was  monitored  using  the  re- 
sonance transition  at  153.2  nm,  the  absorption  signal 
being  related  to  [Br*] , by 

ln(/0//,)  = (e/[Br*],)\  (1) 

where  the  constants  have  been  previously  described 
[9].  The  intensity  of  the  radiation  before  the  flash, 

70,  was  measured  using  the  pretrigger  record  feature 
of  the  transient  recorder.  An  experimental  value  of  y 
(typically  0.60—0.90)  was  determined  over  the  range 
of  observed  absorption  by  measuring  the  absorbance 
of  Br*  at  time  t = 0 (=»20  ns  after  the  flash)  while 
varying  the  pressure  of  the  source  gas.  The  pseudo- 
first  order  rate  constant,  k,  derived  from  the  transient 
absorption  measurements  ([Q]  > [Br*],)may  be 
related  to  the  bimolecular  rate  constant  for  deactiva- 
tion, *q,  by 

* = *q[Q1  +*’ 
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Table  1 


Source 

<t> 

P * 

1013  * 

(cm3  molec’1  s'1  ] 

CF3Br 

2.0 

0.66  ± 0.07 

1.20  ±0.2 

0.5  a) 

CjFsBr 

0.9 

0.48  ± 0.02 

2.7  ±0.4 

ti-C  3 1'7  Br 

<0.1 

<0.10 

3.8  ±0.3 

CH3Br 

0.2 

0.15  ± 0.12 

77  ±7 

CjHjBr 

<0.1 

<0.10 

121  ± 8 

a)  Ref.  |11]. 


where  K represents  removal  of  Br*  by  spontaneous 
emission,  diffusion  to  the  walls  of  the  reaction  vessel 
and  quenching  by  impurities  in  the  samples  of  alkyl 
bromides  or  argon  buffer.  A plot  of  k versus  [Q] 

( [Q]  = alkyl  bromide  pressure)  gives  a straight  line 
of  slope  7:q. 

The  results  of  these  kinetic  experiments  are  pre- 
sented in  table  1 and  fig.  1 . They  clearly  indicate  that 
the  hydrogenated  bromides  are  «100  times  more 
efficient  at  deactivating  Br*  than  are  the  perfluorinated 
bromides. 

Hie  branching  ratios  (4>  = [Br*]0/(Br]0)  and 
fractional  yields  of  Br*  (p * = [Br*]0/([Br*]0  + 

[Brio))  were  determined  using  the  following  technique. 
A given  pressure  of  alkyl  bromide  was  photolyzed 
in  the  absence  of  all  gases  other  than  the  argon  buffer 
(fig.  2a).  The  absorption  measured  immediately  fol- 
lowing the  flash  then  represents  [Br]0,  the  concentra- 
tion of  ground  state  Br  atoms  produced  photolytically. 

Hie  addition  of  an  excess  (*=»0. 1 torr)  of  H2  to  the 
photolysis  mixture  described  above  results  in  the 
rapid  (ry2  = (fcHj  [H2J  )_1  ^ 10-5  s)  relaxation  of 
Br*  produced  in  the  flash.  All  of  the  Br*  deactivated 
in  this  fashion  relaxes  to  form  ground  state  atoms; 
reactive  processes  play  no  role  here,  as  formation  of 
HBr  + H from  Br*  + H2  is  7 kcal/mole  endothermic. 
Therefore  the  absorption  immediately  following  the 
flash  (fig.  2b)  may  be  related  to  the  total  produc- 
tion of  bromine  atoms,  [Br*]0  + [Brl0. 

This  technique  has  been  previously  applied  to 
the  reaction  of  excited  iodine  atoms  with  HBr  and 
DBr  [8].  The  kinetic  equations  governing  the  dis- 
appearance of  Br*  and  the  appearance  of  Br  have 
been  thoroughly  described  in  ref.  [8]  and  will  not  be 
repeated  here.  In  the  absence  of  a reactive  species, 
the  equations  for  <l>  and  p*  are  simply : 
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Fig.  1 . Plots  of  pseudo-first-order  rate  coefficients  for  removal  of  Br(4  2 P i /2 ) versus  density  of  deactivating  gas.  (a)  o ClljBr, 
o CjHsBr;  (b)  o Cf  aBr,  a CiFsBr,  a C3I  7 Br.  For  the  sake  of  clarity,  only  a representative  sample  of  data  points  is  shown. 


Fig.  2.  Temporal  profiles  of  [ Br(4  2P1  /j)]  following  photolysis  of  0.017  torr  CFsBr  in  30  to  it  Ar.  (a)  ph3  - 0,  (b)P||2  = 0.22  tori. 
Traces  represent  an  average  of  32  kinetic  runs. 


*=(*£  -Ai')IAi',  (2) 

P'  = Ull  . (3) 

where  A u2  = (e/[Br]0  + e/[Br*]0)7,  the  absorbance 


measured  in  the  presence  of  H2  and  Aq  = (e/ [ Br ] q , 
the  initial  absorbance  measured  in  the  absence  of  H2. 
Alternatively  4>  may  be  written  as 


exp(nH2/7)-exp(n0/'y) 

exp(n0/y) 


(4) 
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since  for  an  optically  thin  absorber, 

[Br*]^0  = A'*PRBr  (5) 

(where  K*  reflects  the  photolytic  yield  of  bromine 
atoms  and  pRBr  = partial  pressure  of  the  bromide). 
Substitution  of  (5)  into  (1)  gives 

lnln(/0/y)/=0  = const.+7lnpRBr,  (6) 

so  that  = constant  of  eq.  (6). 

Plots  of  In  Ax  where  Ax  =/l0or>l|jj  versus 
In pRBr  derived  from  the  data  (figs.  3 and  4)  verify 
this  relationship  over  the  range  of  absorbances  mea- 
sured as  well  as  yield  values  for  y.  Typical  values  for 
y for  the  ground  state  transition  (154.1  nm)  range 
from  0.3— 0.5.  Values  of  <t>  and  p*  were  calculated 
using  both  eqs.  (2)  and  (4)  and  the  agreement  is 
reasonable.  However  errors  introduced  into  eq.  (4) 
due  to  the  long-term  drifts  in  flashlamp  output  and 
resonance  lamp  profile  lead  to  larger  scatter  in  the 
results. 


In  PC,FTBr 


Eig.  4.  As  fig.  3,  butC3p7Br  is  the  source  gas.  The  absence 
of  a significant  increase  in  absorption  by  the  ground  state 
atoms  upon  addition  of  H2  shows  that  relatively  few  excited 
atoms  are  produced  in  the  initial  photolysis. 


Calculated  values  for  <1>  and  p*  are  shown  in  table  1. 
The  results  clearly  show  decreased  production  of  Br* 
versus  Br,  as  one  proceeds  through  the  homologous 
series, 

CF3Br>C2F5Br>C3F7Br. 

In  the  case  of  the  hydrogenated  bromides,  as  in  the 
case  of  the  hydrogenated  iodides  [3] , the  branching 
ratios  are  smaller  and  decrease  with  increasing  molec- 
ular complexity. 

It  should  be  noted  that  this  technique  is  probably 
superior  to  that  used  for  the  alkyl  iodides  [3,4] 
since  here  we  essentially  measure  the  [Br*]0  directly, 
whereas  in  the  previous  experiments,  the  [I*]0  was 
extrapolated  from  measurements  of  [I],  where 
fmax  = time  of  maximum  I concentration. 

4.  Discussion 

As  may  be  seen  from  table  1,  the  alkyl  bromides 
are  relatively  inefficient  photolytic  sources  of  Br*, 
the  only  molecules  capable  of  producing  laser  action 
(threshold  requires  <I>  > 0.5)  being  CF3Br  and 
C2F5Br.  In  addition  the  branching  ratios  are  sub- 
stantially smaller  than  those  observed  for  RI  [3,4]. 

This  observation  may  be  viewed  in  the  context  of 
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the  earlier  theory  dc> ised  to  explain  the  dependence 
of  branching  ratio  on  source  molecule  structure  of 
the  alkyl  iodides  [4J.  The  production  of  excited 
bromine  atoms  will  result  following  direct  population 
of  the  lowest  excited  A*  state  of  the  alkyl  bromide 

hv 

RBr(Aj  ) — >RBr(A* ), 

RBr(A*) — *-R-  + Br(42P1/2). 

The  lower  yields  of  excited  bromine  atoms  may  then 
simply  be  explained  in  terms  of  two  reinforcing 
phenomena.  Firstly,  the  spin— orbit  splitting  in  the 
alkyl  bromides  will  be  inherently  smaller  than  in  the 
iodides  due  to  the  lower  atomic  number  of  bromine. 
Secondly,  the  electronegativity  of  bromine  is 
higher  than  that  of  iodine,  thereby  resulting  in  the 
energetic  stabilization  of  zwitterionic  valence  struc- 
tures (10)  of  the  form  R+Br  , where  Br~(’s0)  con- 
tributes nothing  to  the  magnitude  of  the  spin— orbit 
coupling  in  the  molecular  excited  state.  Thus,  the 
A*  state  cannot  accurately  be  discussed  in  terms 
of  strong  spin— orbit  coupling  and  the  correlation 
between  this  molecular  state  and  R + Br*,  which  is 
valid  only  in  the  case  of  strong  coupling,  is  relatively 
poor.  The  yield  of  electronically  excited  bromine  atoms 
in  the  photolysis  of  alkyl  bromides  is  relatively  low 
when  compared  to  the  corresponding  observations 
in  iodine. 

It  should  be  further  noted  that  the  perfluorinated 
alkyl  bromides  display  lower  branching  ratios  for  the 
formation  of  Br*  as  the  molecular  complexity  in- 
creases in  apparent  contradiction  to  the  trend  observed 
in  the  analogous  iodides  where  the  values  of  <J>  are 
CFjI  < CjFjI  < /1-C3F7I  [3] . No  simple  explanation 
of  this  observation  may  be  extracted  from  the 
qualitative  theory.  The  data  do  suggest,  however,  that 
for  alkyl  bromides  for  which  the  alkyl  radicals  display 
very  similar  ionization  potentials  (and  hence  would 
show  comparable  contributions  of  zwitterionic  struc- 


ture), secondary  structural  effects  will  play  a signif- 
icant role  in  determining  the  branching  ratio. 

The  alkyl  bromides  are  dearly  seen  to  be  far  more 
efficient  in  deactivating  Br*  than  are  the  perfluor- 
inated molecules.  This  is  presumably  due  to  the  rela- 
tively close  resonance  between  the  magnitude  of 
the  electronic  quantum  in  bromine,  3686  cm  1 , and 
the  C -H  stretch,  ca.  3000  cm  1 . which  can  signif- 
icantly enhance  the  efficiency  of  electronic-vibration- 
al energy  transfer  (8).  No  such  close  resonance  occurs 
in  the  case  of  the  perfluorinated  molecules.  Alter- 
natively, the  deactivation  of  Br*  may  take  place  via 
an  atom  transfer  reaction. 


Br*  + RBr. 

a b 


RBr  + Br.  , 

a b 


although  it  is  difficult  to  understand  why  such  a 
process  would  be  over  one  order  of  magnitude  more 
efficient  for  the  hydrogenous  bromides. 
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Bi£  has  been  studied  and  the  relative  contributions  for  absorption  into  the 
B^q+u'  a3]T1u  and  1tt1u  states  assessed  using  Laser  Induced  Photodissocia- 
tion Spectroscopy.  The  deactivation  of  I(5zPi/2)  with  Br2  has  been  shown  to 
proceed  primarily  via  adiabatic  reaction  to  form  Br(4^P. /o) , a process  which 
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20.  Continued 

should  be  useful  for  pumping  a bromine  atom  electronic  transition  laser  in  the 
infra-red. 


